Abstract-We have analyzed the space velocities of stars with the proper motions and trigonometric parallaxes from the Gaia TGAS catalogue in combination with the line-of-sight velocities from the RAVE5 catalogue. In the V, √ U 2 + 2V 2 velocity plane we have identified three clumps, BB17-1, BB17-2, and BB17-3, in the region of large velocities (V < −150 km s −1 ). The stars of the BB17-1 and BB17-2 clumps are associated with the kinematic groups VelHel-6 and VelHel-7 detected previously by Helmi et al. We give the greatest attention to the BB17-3 clump. The latter is shown to be most closely linked with the debris of the globular cluster ω Cen. In the BB17-3 clump we have identified 28 stars with a low velocity dispersion with respect to the center of their distribution. All these stars have very close individual age estimates: log t ≈ 10. The distribution of metallicity indices in this sample is typical for the stars of the globular cluster ω Cen. In our opinion, the BB17-3 clump can be described as a homogeneous stream in the debris of the cluster ω Cen.
INTRODUCTION
A study of the ellipsoidal distribution of stellar space velocities as a function of stellar age led to an understanding of the dynamical properties of the Galaxy and its subsystems. The observed velocity distribution turned out to be nonuniform (Eggen 1958 (Eggen , 1996 .
The fine structure of the velocity field manifests itself in different planes. An analysis of the rectangular U, V, W velocities is most popular. Even in the region of relatively small (up to ∼40 km s −1 ) U and V velocities there are known peaks named after their association with open star clusters (OSCs), such as the Pleiades, Sirius, Coma Berenices, or the Hyades (Eggen 1958 (Eggen , 1996 . It was suggested to associate a number of peaks with older open star clusters and stellar groups in the Galactic disk, for example, Wolf 630, 61 Cygni (Eggen 1969) , ζ Herculis, σ Puppis, or ε Indi (Eggen 1971a ).
According to the theory of stellar streams (Eggen 1996) , the peaks reflect the presence of tubes or stellar debris, OSC debris, in circumsolar space. Such debris must be formed during the disruption of clusters under the influence of Galactic tides, giant molecular clouds, and other gravitational perturbations. The debris gradually extend along the Galactic orbit of clusters and are completely mixed with the stellar Galactic background 1-2 Gyr later. The presence of debris is confirmed by numerical simulations of the dynamical evolution of OSCs (Chumak et al. 2005 ; Chumak and 2006a, 2006b ).
An analysis of the stellar velocities from the Hipparcos (1997) catalogue showed that, in addition to the already known peaks, the two-dimensional distribution of UV velocities has a more complex structure. Specifically, there are several extended "branches" located almost parallel to one another (Skuljan et al. 1999) .
Apart from the branches, bimodality of the distribution manifests itself in the UV velocity plane (Dehnen 1998 (Dehnen , 2000 . Such a velocity stratification can be caused by resonance effects. In particular, the formation of the ζ Herculis (V ≈ −50 km s (Eggen 1971b ) and KFR08 (Klement et al. 2008 ) streams. It is suggested that several stellar streams with high velocities V < −150 km s −1 consisting of extremely metal-poor stars recently discovered by Helmi et al. (2017) are the debris of disrupted satellite galaxies. In the opinion of these authors, most of the detected streams are associated with the debris of the globular cluster ω Cen.
The goal of this study is to analyze the stellar velocity field in the solar neighborhood to reveal stellar groups with a common dynamical origin. We focus our attention on the stars with large velocities relative to the Sun and, as a rule, these are fairly old, metalpoor stars. For our analysis we use the positions, proper motions, and trigonometric parallaxes from the Gaia DR1 catalogue (Gaia Collaboration, in combination with the line-of-sight velocities from the RAVE (RAdial Velocity Experiment) catalogue (Steinmetz et al. 2006 ).
DATA
The observations within the RAVE project have been performed since 2003 in the Southern Hemisphere at the 1.2-m Schmidt telescope of the Anglo-Australian Observatory. Five releases of the catalogue have been published. The mean line-of-sight velocity error is about 3 km s −1 . The RAVE5 version (Kunder et al. 2017 ) contains data on 457 588 stars; more than 200 000 of them are common to the first published version of the Gaia catalogue.
This version was produced from a combination of the data in the first year of orbital Gaia satellite observations with the Tycho-2 stellar positions (Hog et al. 2000) . It is designated as TGAS (Tycho.Gaia Astrometric Solution; Lindegren et al. 2016 ) and contains the positions, trigonometric parallaxes, and proper motions of ∼2 million stars. For ∼90 000 stars common to the Hipparcos (1997) catalogue the mean random error of their proper motions is ∼0.06 mas yr −1 (milliarcseconds per year); for the remaining stars this error is ∼1 mas yr −1 ).
METHOD
We know three stellar velocity components from observations: the line-of-sight velocity V r and the two velocity components V l = 4.74rµ l cos b and V b = 4.74rµ b along the Galactic longitude l and latitude b expressed in km s −1 . The proper motion components µ l cos b and µ b are expressed in mas yr −1 . The coefficient 4.74 is the ratio of the number of kilometers in an astronomical unit to the number of seconds in a tropical year, and r is the stellar heliocentric distance in kpc. In this paper the distances are calculated using the trigonometric parallaxes from the Gaia TGAS catalogue and, therefore, r = 1/π. The U, V, W velocities along the rectangular Galactic x, y, z coordinate axes are calculated via the V r , V l , V b components:
( 1) where the velocity U is directed from the Sun to the Galactic center, V is in the direction of Galactic rotation, and W is directed to the North Galactic Pole. To extract the statistically significant signals of nonuniformities in the distributions of UV velocities, we use the wavelet transform known as a powerful tool for filtrating spatially localized signals (Chui 1997; Vityazev 2001 ). The wavelet transform of the two dimensional distribution f (U, V ) consists in its decomposition into analyzing wavelets ψ(U/a, V /a), where a is the coefficient that allows the wavelet of a certain scale to be extracted from the entire family of wavelets characterized by the same shape ψ. The wavelet transform w(ξ, η) is defined as a correlation function in such a way that at any given point (ξ, η) in the UV plane we have one real value of the following integral:
which was called the wavelet coefficient at point (ξ, η). Obviously, in the case of finite discreet maps that we deal with, their number is finite and equal to the number of square bins on the map.
As the analyzing wavelet we use a traditional wavelet called the Mexican HAT (MHAT). The two-dimensional MHAT wavelet is described by the expression
where
The wavelet (3) is obtained from differentiating the Gaussian function twice. The main property of the function ψ is that its integral over U and V is zero, which allows any nonuniformities in the distribution being studied to be detected. If the distribution being analyzed is uniform, then all coefficients of the wavelet transform will be zero.
To select the candidates without significant random observational errors, we took the stars satisfying the following criteria: More than 200 000 stars with the trigonometric parallaxes and proper motions from the Gaia TGAS catalogue and the line-of-sight velocities from the RAVE5 catalogue satisfy these constraints. The constraint on the magnitude of the line-of-sight velocity |V r | is related to the existence of an appreciable number of low-quality measurements (with low signal-to noise ratios) with line-of-sight velocities exceeding the threshold escape velocity from the Galaxy.
RESULTS
To identify the low-power clumps in the region of high space velocities, we apply the approach proposed by Arifyanto and Fuchs (2006) . For this purpose, we consider the distribution of stellar velocities in the V, Figure 1 presents the wavelet map of the V, √ U 2 + 2V 2 velocity plane constructed using the same stars as those in the previous step. The three BB17-1, BB17-2, and BB17-3 clumps now manifest themselves especially clearly, while the BB17-3 clump appears as a completely isolated peak. Interestingly, in motion, i.e., based on a technique different from ours. Moreover, they used the photometric distances from the RAVE5 catalogue, because their goal was to analyze the stars sufficiently far from the Sun, r > 100 pc. To construct Fig. 2 , we calculated the stellar velocities using both the trigonometric parallaxes (while ignoring the constraints (4)) and the photometric distances by taking into account the constraints (4). The position of the globular cluster ω Cen in this figure is marked by the circle whose size exceeds considerably the random measurement errors of the cluster velocities. Although the radius of this circle is arbitrary, we wish to emphasize that there is a noticeable velocity dispersion in the cluster and its debris. (Fig. 1 ) are clearly seen in Fig. 2b . We can conclude that the results of our selection of stars based on a fairly simple technique agree well with the results of applying the method based on the calculation of the integrals of motion.
We determined the significance level of the revealed peaks by the method of Monte Carlo simulations as described in Skuljan et al. (1999) . For this purpose, we generated M = 10000 random realizations of (U, V ) velocities by taking into account their measurement errors. We assumed the errors to be additive and to be distributed according to a normal law with zero mean and a dispersion equal to the measurement error. For each random realization we constructed a wavelet map and determined whether there was a clump in the region of the revealed peaks. The ratio of the number N of realizations that show the presence of peaks to the total number M of random realizations gives the significance level of the peaks. In our case, the significance level of the new revealed peaks was approximately 91%. This means that the detected clumps may be deemed real rather than generated by random noise with a probability of about 91%.
The stellar velocity distribution for the BB17-3 stream in the UV, UW, and V W planes is presented in Fig. 3 ; the position of the globular cluster ω Cen is marked by the circle of an arbitrary size. Note the UW velocity plane, in which the velocity dispersions in both coordinates, σ U and σ W , are seen to be equal; however, here we can say nothing about the dispersion σ V because of the peculiarities of our selection of stars. It is well known that an isotropic (Maxwellian) velocity distribution takes place in spherically symmetric systems, for example, in globular clusters. At present, the isotropy of the velocity dispersion has been measured quite reliably for several globular clusters (Watkins et al. 2015) by invoking the Hubble Space Telescope observations of stellar proper motions. The mean ratio of the velocity dispersions in the tangential and radial directions at the cluster center calculated from the data on 22 globular clusters is σ t /σ r = 0.992 ± 0.005, while for the globular cluster ω Cen this ratio is σ t /σ r = 1.01 ± 0.01.
The velocity dispersion in the debris, of course, will be larger than that in the parent cluster or galaxy, but the main properties must be retained. It is also assumed that the stars in the debris must have a homogeneous chemical composition owing to their common origin.
The stars of the BB17-3 stream that we selected are listed in the table. Column 1 gives the numbers according to the Tycho-2 catalogue; columns 2 and 3 give the Galactic coordinates l, b; columns 4-6 give the effective temperature T eff , gravity log g, and metallicity [M/H] copied from the RAVE5 catalogue; the next-to-last column gives the trigonometric parallax π Gaia ; and the last column gives the individual age estimate copied from the RAVE4 catalogue (Kordopatis et al. 2013) . Note that the influence of the well-known Lutz-Kelker bias (Lutz and Kelker 1973 ) is negligible at small σ π /π (10-15%) ; otherwise, this bias should be taken into account (Stepanishchev and Bobylev 2013; Astraatmadja and Bailer-Jones 2017). As can be seen from the table, the selected stars mostly have an acceptable mean level of errors σ π /π, which do not exceed 0.27. In addition, the entire group is very homogeneous in age.
In fact, we selected the stars based on the boundaries of the corresponding peak in Fig. 1 . For this purpose, we took the stars in a square with a V side from −258 km s 2014) showed, the subgiants in the globular cluster ω Cen form five populations with different metallicities, a mean age of ∼10 Gyr, and a dispersion around this value of ∼2 Gyr.
At the same time, such metallicities and ages are typical for halo stars (Jofré and Weiss 2011). Therefore, we cannot separate the halo stars from the stars of the ω Cen debris in our sample of BB17-3 clump stars based on their metallicities and ages. Figure 4 presents the Galactic orbits of the Sun and the globular cluster ω Cen constructed in an interval of 400 Myr into the future. The following input parameters taken from the SIMBAD electronic astronomical database were used for the cluster ω Cen: α = 201
• .69165, δ = −47
• .47694, µ α cos δ = −6.01 ± 0.25 mas yr 
DISCUSSION AND CONCLUSIONS
Let us first say a few words about the main characteristics of the cluster ω Cen. Among all of the known globular clusters in the Galaxy, ω Cen is one of the biggest. Indeed, it has the largest size, the greatest oblateness ε = 0.17 (Watkins et al. 2015) , the highest luminosity, and the largest mass, whose estimates lie in the range from 5 × . Thus, this cluster contains several million stars, but it can also lose many stars because of the tidal effect of the Galaxy, especially since the pericenter of the cluster orbit is very close to the Galactic center (Fig. 4) .
(1) An examination of Fig. 4 leads to the question of precisely how the stars of the ω Cen debris ended up in the solar neighborhood. After all, to reach the solar circle, these stars should traverse approximately 2 kpc in the radial direction.
Note, for example, the results of numerical simulations of the dynamical evolution of the globular cluster Note, for example, the results of numerical simulations of the dynamical evolution of the globular cluster ω Cen and the formation of its debris obtained by Ideta and Makino (2004) . As these authors showed, already ∼0.44 Gyr after the start time of the dwarf galaxy's disruption, the width of its debris in the radial direction was ∼4 kpc in some places, while after 0.88 Gyr the debris fills the solar circle almost completely. In these simulations the initial mass of the dwarf progenitor galaxy was 1.3 × 10 8 M ⊙ and it was located at an initial distance of ∼6 kpc from the center of the Milky Way.
The results by Meza et al. (2005) , who studied the debris of the origin of a series of debris formed through multiple periodic encounters of the dwarf progenitor galaxy of the globular cluster ω Cen with the Milky Way, are even more interesting. Based on numerical simulations, these authors showed that during each encounter the dwarf galaxy left stars with different energies and angular momenta in the corresponding debris. The debris were preserved at different Galactocentric distances. Therefore, a present day observer sees such stars as different kinematic streams. In these simulations the initial mass of the dwarf galaxy was 4.6 × 10 9 M ⊙ and it was located at an initial distance of 140 kpc from the center of the Milky Way and moved in a highly elliptical orbit. Mizutani et al. (2003) modeled the kinematic properties of the tidal disruption of a dwarf galaxy in the attractive field of the Milky Way. The central part of the dwarf galaxy was assumed to contain the globular cluster ω Cen. The motion of the dwarf galaxy was traced in a long time interval in the past, 1.5-1.9 Gyr, using several models. They confirmed that the motion of the series of formed debris is retrograde. A strong concentration of debris stars near the solar circle was found in one of the models (model 2). Majewski et al. (2012) pointed that their selected candidates are concentrated in the fourth Galactic quadrant. Their simulations showed that most stars from the ω Cen debris are located within the solar circle and are concentrated in the fourth quadrant, near the current position of this cluster. Note that a similar conclusion follows from an analysis of the Galactic coordinates for the stars in our table.
(2) All of the identified 28 stars in the BB17-3 clump have very close ages. The distribution of their metallicity indices resembles that observed for the stars of the globular cluster ω Cen. For example, looking at Fig. 2b , we can conclude that the stars covering almost the entire upper left corner of the diagram, i.e., filling the square with a V side from −250 to −200 km s −1 and a √ U 2 + 2V 2 side from 350 to 500 km s −1 , belong to the ω Cen debris. The stars in this square are distributed quite uniformly. However, as can be seen from Fig.  1 , the 28 stars of the BB17-3 clump form a separate peak clearly visible by the unaided eye. We can assume with a high probability that these stars belong to the debris of the cluster ω Cen. We also get the impression that they can belong to a fairly homogeneous "stream" in the cluster debris.
(3) The positions of the BB17-1 and BB17-2 peaks agree well with the positions of the VelHel-6 and VelHel-7 streams (if, for example, Fig. 1 and Fig. 2b are compared) found by Helmi et al. (2017) . In fact, the presence of two such streams was confirmed in this paper. At present, no specific cluster or galaxy that could form debris or streams with such characteristics has been proposed. Therefore, searching for such objects can become an interesting task in future.
We can conclude that in this paper the greatest attention is given to the BB17-3 clump. We showed that it is most closely linked with the debris of the globular cluster ω Cen. In this clump we identified 28 stars having a low velocity dispersion with respect to the center of their distribution in the V, √ U 2 + 2V 2 plane. The list of BB17-3 clump members does not overlap with the list of members of the VelHel-1, 2, 3, 4, 5, 8, and 9 groups described by Helmi et al. (2017) and also associated with the debris of the globular cluster ω Cen. All these stars have very close individual age estimates, log t ≈ 10. The distribution of metallicity indices in this sample is typical for the stars of the globular cluster ω Cen. In our opinion, the 28 stars of the BB17-3 clump can be characterized as a homogeneous stream in the extended debris of the cluster ω Cen.
